Surgical Robots for MIS.
Progress in engineering and medicine has opened a way for the use of robots in the operating room ͑OR͒. Robots are useful tools in minimally invasive surgery ͑MIS͒, providing benefits such as enhanced visualization, dexterous manipulation capabilities, reduction in hand tremor, and workspace scaling ͓1,2͔. The automated endoscopic system for optimal positioning introduced in the mid 1990s for control of a laparoscopic camera was the first robotic device to receive U.S. Food and Drug Administration approval for use in laparoscopy ͓1͔. More advanced telerobotic systems, such as the commercially available da Vinci ® ͑Intuitive Surgical ® , Sunnyvale, CA͒, provide additional capabilities including stereoscopic visualization, improved distal tip dexterity, and motion scaling ͓1͔. However, the widespread use of the da Vinci ® system for laparoscopic surgery has remained limited in part due to its high cost and large size.
Current efforts are focused on the continued development of surgical robots with improved mobility and sensing with reduced complexity and cost. For example, a master-slave telerobotic system with enhanced sensing and dexterity using millimeter-scale robotic manipulators is being developed ͓3͔. Further work is directed toward the development of smaller telerobotic systems. For example, The RAVEN robot system is a seven degree of freedom ͑DOF͒ cable-actuated surgical manipulator that provides the same degrees of freedom as manual laparoscopy, as well as wrist joints at the end effector ͓4͔. Also, the CoBRASurge robot is a four-DOF remotely controlled surgical manipulator, with a configuration based on the spherical bevel-geared mechanism that is particularly compact and highly portable ͓5͔. Other research on compact surgical robots includes a basic system for teleoperated robotic surgery with a modular configuration ͓6͔ and a surgical robot with force control ͓7͔.
Dynamic Analysis of Surgical Robots.
Whereas the above studies show that robotics has a significant impact on the advancement of MIS, the capabilities of robotics to enhance the surgeon's ability to provide good precision and good dexterity are still developing. Recent activity is being directed toward studying dynamic performance and establishing dynamic models of surgical robots. Such studies are of interest to develop advanced control having low interaction forces with the tissue and/or organ to prevent unwanted harm to the patient and the surgical staff to develop haptic feedback systems and to develop training systems for MIS. For example, the inverse dynamic model for a Paramis parallel robot, which could be used for surgical instrument positioning, is presented using the virtual work principle in Ref. ͓8͔ . Also, the dynamic model of a parallel robot utilized as a haptic interface for a surgical simulator used in the amniocentesis operation is presented using the Lagrange formulation in Ref. ͓9͔ . Other research on dynamic modeling includes a study of the Mitsubishi PA-10 robot arm applied to surgical tasks with the goal of minimizing unwanted tool-tissue interaction forces in robot-assisted surgery ͓10͔.
Dynamics of Geared Robotic Mechanisms for MIS.
In a previous study ͓5͔, the CoBRASurge was developed and used as a surgical robotic assistant for manipulating laparoscopic cameras in porcine models. It could also be combined with miniature in vivo robots as a cooperative robot-assisted surgery system ͓11͔. In this study, dynamic analysis of CoBRASurge is further explored for evaluating its dynamic performance and stability, as well as for integrating haptic feedback into the overall robotic system in the future, which would greatly enhance robotic surgical capabilities.
Research efforts have mainly focused on addressing dynamic analysis of direct-driven robot manipulators without considering the effects of gear trains even though the dynamics of a gear train does have a very important effect on the actuator torques. In fact, there is only little effort focused on dynamics of geared robotic mechanisms. Tsai et al. ͓12͔ presented an efficient recursive methodology to solve inverse dynamics equations of geared robotic mechanisms level-by-level using graph theory. An illustrative example of the Bendix wrist mechanism was given for the application of this efficient approach. Staicu ͓13͔ developed an inverse dynamic model of a Bendix wrist planetary bevel-gear train using the principle of virtual powers.
The complexity of dynamic analysis for a multi-DOF articulated geared mechanism, such as the first prototype of CoBRASurge, arises because of the large number of moving links and joints between the links. The control computation generally includes a lot of small-size matrix and vector operations for coordinate transformations. It is impractical to carry out manually both kinematic and dynamic analyses. Thus, one of the motivations for this work is to formulate inverse dynamic equations of CoBRASurge and efficiently solve the driving torques, meshing force between each gear pair, and reaction force at each revolute joint using MATLAB software. This dynamic analysis of gear trains takes into consideration the body inertia. Such a dynamic model can be used for the design of advanced dynamic control systems, compensation for mass imbalance, mechanical failure analysis of elements, implementation of haptic interfaces, and so on. The present dynamic modeling approach can also be applied to dynamic modeling of other spherical articulated linkage mechanisms. This has potential importance in future surgical robot designs as constrained spherical motion is typical of many robotic systems created for use in MIS.
Overview of the CoBRASurge
To improve the level of assimilation of surgical robots in MIS, CoBRASurge, a compact, lightweight surgical robotic positioning mechanism, is proposed in Ref. ͓5͔ . As shown in Fig. 1 , it is based on a spherical bevel-geared mechanism consisting of three gear pairs and six turning pairs. Due to the nature of its spherical kinematic structure, it can create a mechanically constrained remote center of motion with three rotational DOF about the rotation center and one translational DOF passing through it. The rotation center coincides with the surgical entry port. A surgical tool or a camera can be fixed into the sleeve member ͑link 4͒ at the end of the articulated links. The equivalent open-loop chain consisting of only turning pairs and revolute joints is shown in Fig. 2 . This bevel-geared wrist mechanism can be made very compact and lightweight, which can effectively reduce the space occupancy in the OR. In addition, using bevel-gear trains for power transmission, motors can be remotely mounted either on the forearm or the fixed base, which can be used to reduce the mass and inertia effects of the overall robot manipulator. A detailed kinematic analysis of such geared systems has been presented for workspace analysis and kinematic optimization in Ref. ͓5͔ . Such a robot can be employed for guiding surgical tools or for positioning endoscopes ͓14͔. It can also be combined with miniature in vivo robots as a cooperative robot-assisted system for MIS procedures ͓11͔.
Inverse Dynamic Modeling
The computational complexity of bevel-geared robotic mechanisms arises because of the large number of moving links and joints between the links. This complexity is further aggravated when the dynamic loads on the bearings and the gear teeth are to be evaluated for engineering design. Here, rigid links, perfect revolute joints and gear meshes, and negligible frictional force in gear meshes and revolute joints are assumed.
For a perfect gear mesh, the contact load of one gear on the other can be replaced by a single force vector composed of three scalar force elements. The gear transmission is analyzed under the assumption of continuous angular velocities, as well as continuous forces. The meshing point can be treated as the contact point between the pitch circles.
k f ij denotes the meshing force exerted on the jth gear by the ith gear with respect to the kth frame.
k f ji , denoting the meshing force exerted on the ith gear by the jth gear in terms of the kth frame, is equal and opposite to k f ij . A perfect revolute bearing reaction between two links was modeled by a force vector consisting of three scalar force elements. The reaction force vector was assumed to pass through the bearing's longitudinal axis. The reacting point was assumed to lie on the inner circle in the bearing's transverse plane opposite to the projected direction of the reaction force vector on the inner circle. 
An example of reaction force of a perfect revolute bearing joint is shown in Fig. 3 .
k F ij denotes the reaction force of link i on link j with respect to the kth frame.
k F ji , denoting the reaction force of link j on link i with respect to the kth frame, is equal and opposite to k F ij . The rotational motion of CoBRASurge is controlled by three dc servo motors, which are remotely mounted on its base frame. They generate three driving torques along the coaxial Z axes of links 2, 5, and 6. CoBRASurge can be used as a fine wrist in conjunction with a gross positioning robot arm, as shown in Fig.  4 . Even though the base of the wrist is not actuated in the current prototype, it can be orientated and fixed initially with an attached frame of the gross robot arm. This nonactuated adjustable platform introduces additional system DOFs and affects the dynamic performance of CoBRASurge. Therefore, the present dynamic model needs to include this characteristic.
On all seven links, frames are attached, following the modified Denavit-Hartenberg methodology. As shown in Fig. 4 , a fixed frame 1 is attached to the center of mass of the base, which coincides with the global frame when the base is at its "home" position. The Z 1 axis of the fixed frame 1 is along the longitudinal direction of links 2, 5, and 6, while at the home position, its Y 1 axis is aligned with the direction of the gravity vector. The rotation matrix that transforms a vector in the base frame 1 to the global frame 0 can be computed based on a ZYX Euler angle given by 
Gravity forces are included by simply assuming that the global frame 0 is accelerated upward with acceleration equal to that of gravity. Inertia force and torque for each link are included to provide an accurate dynamic analysis.
Since the translation DOF of CoBRASurge is decoupled from the three rotational DOFs and its dynamic operation is very straightforward, here only the three rotational DOFs driven by three dc servo motors, which are remotely mounted on the fixed base, are discussed. Therefore, the end effector and the motor for the translation DOF can be treated as a fixed portion of link 4, and their location and orientation can be expressed by a single reference system, frame 4.
A number of approaches are suitable for formulating manipulator dynamics, including the iterative Newton-Euler ͑NE͒ dynamic formulation, the Lagrange formulation, the Kane method, and others. The iterative NE dynamic formulation was chosen because it is easy to implement in the form of a computer code, and it is widely accepted as being the most efficient algorithm for implementation ͓15͔. In general, this method consists of two iterations. During the forward recursive iterations, kinematics information, including link velocity and acceleration, are iteratively propagated from the base reference system to the end effector. For the inward recursive iterations, the torques and forces exerted on each link are computed from the end effector to the input links. Thus, the computational complexity of NE equations is linearly proportional to the number of joints of the robot mechanism.
Outward Iterations.
Traditionally, the outward equations are calculated repeatedly from i =1 to n for a general articulated linkage mechanism. For a spherical bevel-geared mechanism, the outward equations are calculated repeatedly for links from the global frame to the end effector reference system in the equivalent open-loop chain first and then outward equations for other gear links can be determined by relative joint kinematics. Taking CoBRASurge as an example, the calculation sequence is ͑0-1-2-3-4͒ first, then 5, 6, and 7 in any arbitrary order, separately. The NE equations for rotational links only used in this study can be written as
where
T , j w j is the angular velocity of link j with respect to the jth frame, j ẇ j is the angular acceleration of link j with respect to the jth frame, j v j is the linear acceleration of the jth origin with respect to the jth frame, j v c j is the linear acceleration of the center of mass of link j expressed in the jth frame, i P j is the origin of the jth frame with respect to the ith frame, j P c j is the origin of the center of mass of link j with respect to the jth frame, i j R is the rotation transformation matrix from the ith frame to the jth frame, c j I j is the inertia tensor of link j with respect to a frame located at the center of mass of link j with the same orientation of the jth frame, m j is the mass of link j, j F j is the inertia force acting at the center of mass of link j expressed in the jth frame, and j N j is the 
inertia torque acting at the center of mass of link j expressed in the jth frame. In these equations, variables i j R and C j I j are 3 ϫ 3 matrices, ji , ji , and m j are scalars, and the remaining variables are all 3 ϫ 1 vectors.
Inward Iterations.
Similarly, with general articulated linkage mechanisms, inward equations for bevel-geared robotic mechanisms also start from the end effector and proceed to the input links. In particular, the procedure starts from a link of the highest level transmission line in the equivalent open-loop chain to its input link. Then, the process repeats itself for the next level. For CoBRASurge, the sequence is ͑4-7-6͒, then ͑3-5͒, and finally link 2.
For each link, there is a set of force and torque balance equations written as
where i denotes any link, which actuates link j, and k denotes any link, which is actuated by link j. j f ij is the force exerted on link j by link i with respect to the jth frame, and j n j is the torque exerted on link j with respect to the jth frame.
When j denotes the frame of link 4, k f jk denotes the external force and k n k denotes the external torque. Here, the set of force and torque equilibrium equations of link 4 is taken as an example; all other dynamic equations are listed in the Appendix.
As shown in Fig. 5 , the center of mass of link 4 is not located on the longitudinal axis of link 4 as the end effector and the driven motor for the translation DOF are treated as a fixed portion of link 4. Assuming one external force is exerted on the tip of the end effector, the balance equations can be written as 
Each link yields a set of six algebraic equations among the system variables, i.e., among the forces and torques and also among the displacement, velocity, and acceleration variables. Three of those six algebraic equations are for its force vector, and the other three are for its torque vector. The unknowns are the reaction and meshing forces and the driving torques. For a bevelgeared robotic mechanism with six links ͑without considering the base link 1͒, it will yield 36 independent equations with 36 unknowns in total. It is possible to list all the links and solve all the unknowns simultaneously. Further, this has to be performed iteratively for each time step, which would be computationally intensive and inefficient. A more computationally efficient approach is to use a link-by-link recursive procedure for every transmission line from the highest level to the lowest level ͓2͔. It can be seen that link 4 is only connected to link 7 by a gear mesh and link 3 by a revolute joint. Balance equations of link 4 will therefore yield six equations with six unknown forces, three being the reaction forces between links 4 and 7 and the other three being the meshing forces between links 4 and 3. Thus, these equations can be solved independently for 4 F 74 and 4 F 34 . 4 F 74 can be converted to 7 F 74 and can be substituted into the balance equations of link 7 due to connections between links 7 and 3 and between links 7 and 6. This procedure can go on in three independent paths: first, the higher transmission level ͑4-7-6͒, then the lower transmission level ͑3-5͒, and finally ͑2͒ until all the unknowns are solved. In this analysis, the friction at the bearings and the meshing gears is assumed to be negligible.
Finally, the required driving torques j for links 2, 5, and 6 ͑j = 2, 5, and 6͒ are found from the Z component of the torque 2 n 2 , 5 n 5 , and 6 n 6 ,
An implementation in MATLAB of such an algorithm is performed for the following particular applications. 
΅
The mass, the center of mass, and the moment of inertia of each link are retrieved from their respective CAD models in terms of their local frame using SolidWorks. The inertia parameters of the main links are listed in Table 1 , and other specific characteristics are listed in Table 2 .
Motion of CoBRASurge Based on Inverse Kinematics.
The trajectory of the end effector is an arc on the spherical workspace surface. This output trajectory must be such that it is a typical motion for the end effector in a surgical procedure, and it allows complete identification of the system. Simulations were performed with three different trajectories. Due to space restriction, only one trajectory is shown in Fig. 6 . It is an arc in the vertical plane with respect to the global frame, and the motion ranges from Ϫ30 deg to 30 deg with respect to the Z 0 axis of the global frame.
The motion procedure of CoBRASurge to trace this trajectory is shown in Fig. 7 . Both constant motions and accelerated motions ͑more realistic to replicate human control͒ of the end effector were simulated. Sixty sampled positions with a constant time step were chosen along the trajectory, and the time duration to trace this trajectory depends on the time step between the adjacent sampled positions. For example, if the time step equals 0.05 s, the time duration will be 3 s for the given trajectory.
The joint displacement for known desired trajectories can be numerically calculated for each time step using the inverse kinematic equations. For example, the joint displacement for a constant motion of the end effector is shown in Figs. 8-10 . The joint velocity is obtained by differentiating the calculated displacement. The joint acceleration is obtained by differentiating the calculated velocity using the principle of least squares ͓16͔ for solving the problem of noise in differentiation. Five consecutive points are used for the following difference equation:
where t is the time step, v͑x͒ denotes the joint velocity at the point x, and a͑x͒ denotes the acceleration at the point x by using the two immediate neighbors on both sides and thus represents a noncausal operation for differentiation implementation.
Dynamic Response Using Inverse Dynamics.
All these data are submitted into the dynamic model of CoBRASurge for solving the driving torques, the meshing forces, and the reaction forces. Angular velocity, angular acceleration, and velocity and acceleration of the center of mass can be determined by forward equations; the inertia forces and torques acting at the mass center can also be calculated. Then, the 36 unknowns, including the driving torques, meshing forces, and reaction forces, can be determined link-by-link using the inward equations.
The dynamic formulation is implemented together with the inverse kinematic equations and numerical differentiation algorithm to obtain the dynamic responses of CoBRASurge. Simulations were performed to realize one trajectory under a constant-velocity motion in different time durations. Then, the dynamic responses of CoBRASurge under different external loads were evaluated. 
The dynamic responses under an accelerated motion, which is more realistically representative of human control, ramping from zero to a peak velocity and then back to zero, were also explored and compared with those under constant-velocity motion.
Simulations for a Constant-Velocity Motion in Different Time
Durations. For a given trajectory, shorter time duration causes larger joint velocities and accelerations, which will enlarge the contribution of inertia forces and torques of links, as well as Coriolis and centrifugal forces in dynamic responses. As shown in Figs. 11-13, with no external load on the end effector, the driving torques for links 2, 5, and 6 are significantly dependent on the time duration ͑T͒ to cause the same given trajectory. When the motion of the end effector is sufficiently slow, the effect of Coriolis and centrifugal forces can be considered negligible. For example, the driving torques of CoBRASurge to cover a 60 deg arc trajectory are highly predictable when the time duration is larger than 0.6 s. In other words, for slow and continuous motion, the dynamic response of CoBRASurge without external load will only depend on the mass and inertia of the bodies and their kinematic poses. These characteristics can also be observed from simulation results of the other two given trajectories. Therefore, to reduce the complexity of dynamic control, robot mechanisms must be designed either very lightweight or they must be moved slowly. These requirements can be fairly well satisfied by CoBRASurge due to its compact size and light weight. Also, its surgical application implies relatively slow motion for safety reasons.
Dynamic Responses Under Different External Loads.
For T = 3 s, the dynamic responses of CoBRASurge under different external loads were also evaluated using the present inverse dynamic formulations. The external force at the tip of the end effector was applied in the same plane as the given trajectory. It is tangential to the trajectory at each sampled position and is the same as the motion direction of the end effector. As shown in Figs. 14 and 15, the external loads significantly increase the driving torques required for links 2 and 5 to enforce the given trajectory. With an external load of 5 N, the peak torque of link 2 is increased by 100% and that of link 5 is roughly increased by 200% compared with those without external load. In Fig. 16 , the external loads have no effect on the driving torque of link 6. This is understandable due to the absence of friction.
Dynamic Responses Under Different Motion
Characteristics. The above simulations for constant-velocity motion concluded that for sufficiently slow motion, e.g., greater than 0.6 s for the given 60 deg arc trajectory, the driving torques are highly predictable, and the complexity of the dynamic control can be effectively reduced. However, this does not mean that the dynamic response effects can be neglected for all low-velocity motion. In fact, human motion ͑such as might be input to the robot functioning as a telemanipulator͒ is full of accelerations. Even a quite smooth acceleration/deceleration process causes non- 357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375 Fig. 17 shows the velocity profiles for both the constant-speed motion and the accelerated motion in a 3 s period. As smooth as this accelerated motion is, its dynamic response is quite different from that using the constant-speed profile in the same time duration, as shown in Fig. 18 . Furthermore, if the robot traces the given trajectory in 1 s with acceleration/deceleration ͑which is actually more realistically representative of the human motion to achieve a 60 deg arc and is still relatively slow compared to 0.6 s͒, its dynamic response deviates significantly from that seen in the 1 s constant-speed case. As shown in Fig. 19 , for link 5, the peak driving torque of the accelerated motion is about 20% higher than that of the constant-speed motion. The other two peak driving torques have the same trend. One point of interest is that the dynamic responses are highly similar for the constant-speed motion in either time duration of 1 s or 3 s for the given trajectory, but the difference of their dynamic responses under the accelerated motion is far from negligible, which also demonstrates the importance of integrating an accurate dynamic model in the control approach.
Sensitivity Analysis of Mass Contribution to Driving Torques
Even though the external load might often be the dominant factor for the driving torques, the mass and inertia of the robot are not negligible. For example, in the previous dynamic simulation, the external load of 5 N on the tip of the end effector has a contribution to the peak driving torque roughly equal to that of the robot's weight, as shown in Fig. 14 . Further, the transmission components of the first CoBRASurge prototype are made of nylon and to guarantee the stiffness of the robot, the dimension of each 
plastic part was designed to be larger and thicker than required. Therefore, further improvement of the prototype in terms of weight and compactness can be achieved by using a stiffer and less dense material and/or by redesigning some parts of the robot. As a result, a sensitivity analysis of mass contribution to driving torques is necessary and important. The ultimate goal of this study is to reveal which links contribute the most significant effect to the peak driving torques. This will provide a solid guideline for the design of the next generation of CoBRASurge prototypes.
By using the presented inverse dynamic model of the robot, the mass effect of each link on the driving torques is studied, as shown in Table 3 . For each iteration of the dynamic simulation, only the mass of one link is changed by Ϯ50% of its original mass, and the relative change in the peak driving torques for actuating axes is calculated. It has been observed that the percentage change of the peak driving torques has a linear relationship with the change in mass. Therefore, in Table 3 , only the peak driving torques corresponding to the original mass and the percentage change in torque with 50% increased mass are listed. The robot is operated slowly, and an external load of 5 N is applied to the tip of the end effector to simulate the surgical procedure in MIS. Ideally, the overall workspace should be involved for mass sensitivity analysis. In this preliminary study, only the three trajectories discussed above are considered. These three are assumed to be typical motions for the end effector in a surgical procedure and should give a general idea of how mass distribution affects the peak driving torques.
By observing the impact of the mass on the driving torques, means to effectively reduce the peak driving torques of each actuating axis are listed in Table 4 . The results of the sensitivity analysis are consistent with the robot's physical layout. For example, link 4 is the sleeve member located far away from the fixed base center. Its mass contributes to each joint torque, and the effect of its mass is accumulated and magnified at all the actuating axes. Links 2, 3, and 7 are also worth improving due to their mass contribution on the peak torque of actuating axis 1 ͑the longitudinal axis of link 2͒. Links 5 and 6 do not strongly affect the driving torques.
Conclusions
In this study, the inverse dynamic modeling of a spherical bevel-geared mechanism for surgical tool manipulation has been presented, which is suitable from a computer implementation point of view. The formulation of dynamics equations is based on 
the principle of an iterative Newton-Euler method and has been implemented together with the inverse kinematic equations and numerical differentiation algorithm in MATLAB. An efficient approach for solving driving torques, reaction forces, and meshing forces has been performed level-by-level following the sequences of mechanical transmission lines. The developed procedure leads to very good estimates of the actuator torques for given trajectories of the end effector. Based on the presented inverse dynamic formulation, the capabilities of CoBRASurge as a surgical robotic assistant can be further enhanced in the following ways.
• Preliminary selection of motors: Dynamic analysis is of primary importance to investigate the forces and torques applied to the actuators to carry out a desired task or motion by the manipulator. The preliminary selection of the motors can be proposed from the velocities and torques required by the actuators to carry out the test trajectories.
• Advanced dynamic control: Advanced dynamic control can be implemented on the surgical robot by integrating the dynamic model into the control system, improving precision, and minimizing unwanted tool-tissue interaction forces in robot-assisted surgery.
• Training system for MIS: The CoBRASurge can be developed as a training and evaluation robotic system for surgeons. By using the dynamic model to compensate for the influences of gravity and robot acceleration, the surgical instrument held by CoBRASurge can be manipulated manually by the surgeon and can retain the feel of manual surgery. Concurrently, the robot can record the motion of the instrument tip throughout the procedure, which can be used to evaluate surgical skill.
• Haptic feedback: The dynamic modeling in this study could introduce an effective approach to calculate contact forces by solving the presented dynamic equations. First, the driving torques of the actuators are measured by monitoring their currents. Then, the driving torques are substituted as known parameters to the dynamic equations to solve the external contact forces and torques. Compared with other methods to detect contact forces, such as using miniature sensors integrated in the instrument tip ͓17͔, this method can provide force feedback to the master console without incorporating sensors into laparoscopic tools, thus maintaining simplicity of design.
This study could also be the basis for a computer program, which can provide a dynamic analysis of articulated geared mechanisms in general. The formulation of dynamics equations and the effective approach to solve these equations can be applied widely for spherical serial mechanisms in MIS such as in Ref.
͓18͔ or in other application domains. In addition, the sensitivity analysis methodology presents an effective way to evaluate the individual elements on dynamic responses, which provides a solid guideline for the design of surgical robotic mechanisms. The method is the same as that of link 3. All the equations are solved in MATLAB. The matrices for link 4 are too large to express within the space limits of the printed page. Table 1 .
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